The paper analyzes a proposed scheme of decontamination of radionuclides from concrete structures, in which rapid microwave heating is used to spall off a thin contaminated surface layer. The analysis is split in two parts: ͑1͒ the hygrothermal part of the problem, which consists in calculating the evolution of the temperature and pore pressure fields, and ͑2͒ the fracturing part, which consists in predicting the stresses, deformations and fracturing. The former is assumed to be independent of the latter, but the latter is coupled to the former. The heat and moisture transfer governing the temperature and pore pressure fields induced by the decontamination process is analyzed using an improved form of Bažant and Thonguthai's model for heat and moisture transfer in concrete at high temperatures. The rate of the distributed source of heat due to the interaction of microwaves with the water contained in concrete is calculated on the basis of the standing wave normally incident to the concrete wall. Since the microwave time period is much shorter than the time a heating front takes to propagate over the length of microwave, and since concrete is heterogeneous, the ohmic power dissipation rate is averaged over both the time period and the wavelength. The reinforcing bars parallel to the surface are treated as a smeared steel layer. The recently developed microplane model M4 serves as the constitutive model for nonlinear deformation and distributed fracturing of concrete.
Introduction
Concrete is ubiquitous in nuclear facilities. As a consequence of their longtime operation, various radionuclides, such as strontium, cesium, cobalt, uranium, etc. ͑Spalding 2000͒, have gradually diffused from the environment into a surface layer of concrete. Although the radionuclide concentrations are very small, the exposure to radiation over many years could be hazardous to human health. Typically, the contaminated layer is only 1-10 mm thick ͓Fig. 1͑a͔͒ ͑White et al. 1995͒, and so a demolition of the whole structures is unnecessary. Nevertheless, to guarantee a safe longtime work environment, the contaminated layer needs to be removed and properly disposed of as nuclear waste.
Possible decontamination techniques include removal of the contaminated layer by hammer and chisel, by high-pressure water jet, and by various thermal treatments. This paper deals with the last, which can be of two types: ͑1͒ heat conduction from a heated surface, and ͑2͒ heating generated by microwaves throughout the volume of concrete. The former type has been studied for a long time with regard to fire resistance of buildings, and even more deeply with regard to the effects of hypothetical nuclear reactor accidents ͑e.g., Thonguthai 1978, 1979; Ahmed and Hurst 1997; Gawin et al. 1999͒ . As a result, the material characteristics needed to calculate the temperatures and pore pressures due to heat conduction from a heated surface are known relatively well ͑Harmathy 1970; Harmathy and Allen 1973; Bažant and Kaplan 1996; Neville 1997; Vodák et al. 1997͒ .
The recent studies of the decontamination process have emphasized microwave heating, which allows a much faster removal of the contaminated layer ͑within only about 10 s; White et al. 1995͒ . The driving force of the spalling is the microwave heat source which is distributed through the volume of concrete and is generated by microwaves emitted from a powerful applicator ͓Fig. 1͑a͔͒.
Microwave heating has already been applied in various civil engineering problems. For instance, ͑1͒ microwaves have been extensively used for nondestructive evaluation of materials. ͑2͒ Microwave ovens ͑instead of the traditional ovens͒ have been used for effective drying of porous geomaterials ͑Wei et al. 1985͒ . ͑3͒ Microwave heating has been used to accelerate the curing process of concrete at early ages ͑Watson 1968a; Moukwa et al. 1991͒ . ͑4͒ Microwaves of low frequency and low power density were shown capable of heating properly insulated concrete specimens to an almost uniform temperature ͑Hertz 1981, 1983͒, which made it possible to measure the effect of temperature on compression strength in the absence of temperature gradients. ͑5͒ Microwaves of high frequency, which are suitable for the present decontamination process, have been shown capable of generating a localized field of high stress that can serve as a demolition tool ͑Watson 1968b; Wace et al. 1989; White et al. 1995͒. Some valuable investigations of the microwave decontamination of concrete have already been undertaken. Li analyzed one-dimensional temperature profiles using a linear heat transfer model. Lagos et al. ͑1995͒ extended the heat transfer model to two dimensions and calculated the heat generation rate based on the standing wave normally incident to a homogeneous concrete wall. They smeared the reinforcing bars into an infinitely thin layer whose reflection factor was determined according to the area-ratio of the bars. They assumed the dielectric properties of concrete to be constant over the thickness of concrete during the decontamination process. However, they could not study the development of pore pressures because they did not model the moisture transfer coupled to the heat transfer. They assumed the surface layer to spall off when the compressive stress in the direction parallel to surface under a perfect restraint in that direction exhausts the compressive strength of the concrete. They did not take into account the deformation of the body surrounding the heated zone.
The practical objective of this study, which was summarized at a recent conference ͑Bažant and Zi 2001͒, is twofold: ͑1͒ to present a model-based mathematical analysis of microwave heating and spalling of concrete; and ͑2͒ to apply it to the decontamination process that takes into account not only the thermal deformation and surface layer restraint but also the moisture transfer, pore pressures, and overall deformation of the structure. The theory will be explained in this paper, while the companion paper that follows ͑Zi and Bažant 2003͒ will present the numerical application. The constitutive, fracture, thermal, and diffusion models of concrete applied here are of course known. Nevertheless, since these models exist in different variants, and since some minor modifications were made in them in this project, they are briefly described in the Appendices of parts I and II of this study.
Heat Generation by Transverse Electromagnetic Waves
The microwaves represent electromagnetic waves of frequency 300 MHz-30 GHz. The energy carried by electromagnetic waves through surface S is
͑e.g., Cheng 1983͒ where PϭPoynting vector characterizing the power density of the electromagnetic wave, Eϭelectric field strength vector; Hϭmagnetic field strength vector; dSϭndS, where dSϭsurface element and nϭits unit normal; Vϭvolume of body; ⑀ϭ⑀ЈϪi⑀Љϭcomplex dielectric permittivity; ϭЈϪiЉ ϭcomplex magnetic permittivity; ϭ⑀Љϭdielectric conductivity; ϭ2 f ϭangular velocity; f ϭfrequency, w e ϭE 2 /2 ϭelectric energy density; w m ϭH 2 /2ϭmagnetic energy density; p ϭE 2 ϭohmic power dissipation; tϭtime; and Vϭvolume. Because the heat generation rate is a function of the electric field strength, one needs to solve the electric field strength vector E to obtain the heat source. On exit from the microwave applicator, the waves are guided and simple. But farther away the electromagnetic field can become complicated ͓Fig. 1͑a͔͒. An accurate solution would have to be obtained numerically from the Maxwell equations, which is not a simple affair. For our purpose, however, an approximate solution can be obtained by using the solution of a standing electromagnetic wave, particularly the solution of a transverse electromagnetic wave normally incident to a half space of a dielectric material, the concrete. The heat source calculated in this manner needs of course some further adjustment to obtain the proper power distribution ͑Thuéry 1992͒.
Electric Strength of Standing Electromagnetic Waves
Let us now review the solution of the transverse electromagnetic waves, which form a standing wave pattern. The propagation of electromagnetic waves is governed by the Maxwell equations in which the electric field strength and magnetic field strength are coupled. Because the concentration of dielectric sources due to ferromagnetic materials in concrete is usually negligible ͑Li et al. 1993͒, the electromagnetic wave generation inside concrete may be neglected, which means that the Maxwell equations become decoupled ͑von Hippel 1954͒;
and
The transverse electromagnetic waves may be considered to be parallel, and their incidence to the concrete surface to be normal. Fig. 1 . ͑a͒ Sketch of microwave power decontamination system; ͑b͒ transmission ͑t͒ and reflection ͑r͒ of transmission electron microscopy wave at interfaces of different media; ͑c͒ typical layout of concrete wall and wave reflection by reinforcing bars and aggregates; and ͑d͒ partition of concrete body into reinforced segments and unreinforced segments Therefore, aside from time t, the dielectric field depends only on coordinate x normal to the surface ͓Fig. 1͑b͔͒. Eqs. ͑2a͒ and ͑2b͒ are simply solved as where ␥ϭcomplex propagation factor.
At the interface of two different media, the electromagnetic wave is partially reflected and partially transmitted as a refracted wave. The magnitude of refracted wave is given by Fresnel's equation, and the reflection and refraction angles by Snell's law ͑e.g., von Hippel 1954͒. If the wave is incident to the interface of two dielectric media in normal direction, the wave forms a standing wave pattern. Since only a normal incidence is considered here, the wave can be calculated simply from the continuity condition at each interface ͑e.g., Cheng 1983; Wait 1985͒. Consider the concrete wall, sketched in Fig. 1͑b͒ , to be subdivided into parallel strips normal to the surface which either contain steel reinforcement or not ͓Fig. 1͑d͔͒. Medium 0 represents air and media kϭ1,2,¯M the layers of concrete with different water contents ͓Fig. 1͑b͔͒. Medium M ϩ1 represents air in the case of unreinforced strips, or steel in the case of reinforced strips in Fig. 1͑d͒ . By analogy with the transmission line theory ͑which is used to calculate the voltage and current in an electric circuit͒, the wave solutions in medium k are obtained as follows ͑Wait 1985͒:
where C k ϭtransmission factor; R k ϭreflection factor; and k ϭintrinsic impedance of medium k.
The transmission factor of air is given as the initial electric strength E 0 . The reflection factor between air and the first concrete layer is denoted as R 0
where Z 1 ϭtransmission impedance of medium 1. The impedance of medium k is obtained from the transmission line theory as
where l k ϭx k Ϫx kϪ1 ϭwidth of each layer. For unreinforced strips, M ϩ1 ϭ 0 . For reinforced strips, M ϩ1 ϭ0, which implies an almost 100% reflection by reinforcing bars. From the condition of continuity at each interface, R k and C k are obtained as follows:
As we have seen, the solution of the electric field strength E k of medium k ͓Fig. 1͑b͒ ͓Fig. 1͑b͒, Eq. ͑4͔͒ is a complex function. The real part of E k is taken as the actual solution. The rate of volumetric heat generation by the transverse electromagnetic waves can be obtained from Eq. ͑1͒. Because the wave period T ϭ1/f is far shorter than the time that the thermal heat front takes to advance through one wavelength of the electromagnetic wave, it is meaningful to average the heat generation rate over period T;
Ϫ2␣x ϩʈRʈ 2 e 2␣x ϩ͓RЈ cos 2␤xϪRЉ sin 2␤x͔͖ (11) where CϭCЈϩiCЉϭtransmission factor; RϭRЈϩiRЉ ϭreflection factor; ␤ϭphase factor; and ␣ϭattenuation factor ͑1/␣ represents the depth through which the field strength decays to 1/eϭ0.368 of its original value͒; here ␥ϭͱi(ϩi⑀) ϭ␣ϩi␤ϭcomplex propagation factor.
A typical layout of a reinforced concrete wall is depicted in Fig. 1͑c͒ . The wave is reflected and scattered by steel reinforcing bars as well as the aggregates. Although the arrangement of the bars is three dimensional, they may be approximately treated one dimensionally and thus their location will be characterized just by the depth d below the surface ͑Fig. 1͒. Therefore, due to the heterogeneity of concrete wall, we may take the spatial average of Eq. ͑11͒ over the wave number 2/␤. As a result, the averaged heat generation rate is obtained as
Note that, when the second term, which represents power reflection by rebars, is neglected, Eq. ͑13͒ becomes the well-known Lambert's law:
where I 0 ϭheat generation rate at the surface. The advantage of Lambert's law, which is widely used in low-temperature food engineering ͑Metaxas and Meredith 1983; Taoukis et al. 1987; Meredith 1998͒ , is that it is simple and easy to understand.
Effect of Reinforcing Bars on Microwave Penetration
As an approximation, the reinforced concrete may be considered for our purposes as a parallel combination of unreinforced and reinforced strips in the direction normal to surface, labeled by subscripts U and R; Fig. 1͑d͒ . The overall average volumetric heat generation in the reinforced concrete wall can be obtained as the average of the heat generations in two adjacent strips
where pϭarea fraction of the steel reinforcing bars on a plane parallel to concrete surface; and I U , I R ϭrate of heat generation in unreinforced and reinforced strips normal to surface, respectively. Both I U and I R are obtained from Eq. ͑13͒. Note that, because of different boundary conditions, the electric strength of E U is different from E R ; it is assumed that E U is transmitted into air at the opposite surface of the wall, and E R is perfectly reflected at the location of the steel bars d. For the sake of simplicity, the foregoing analysis neglects calculation of the three-dimensional diffraction and scattering of the electromagnetic waves due to steel bars. The diffraction and scattering are surely much less significant than the wave reflection, because of the steep power decay in the concrete cover ͑see Part II͒.
Dielectric Properties of Concrete
The properties of dielectric materials generally depend on moisture contents and temperature changes ͑Metaxas and Meredith 1983͒. The relative dielectric permittivity ЈϭЈ/ 0 and the relative dielectric loss ЉϭЉ/ 0 of concrete quadratically increase as a function of volume fraction of water v w ͑Hasted and Shah 1964; Shah et al. 1965͒ ( 0 ϭdielectric permittivity of airϭ8.86 ϫ10 Ϫ12 F/m). The dielectric constants Ј and Љ change significantly when v w exceeds about 20%. When v w is less than 20%, the changes can be approximated by linear functions ͑Fig. 2͒. The concretes that need to be decontaminated are usually old concretes, in which the volume fraction of water is around 7%. Because the water content is a function of pore pressure and temperature, as described by the constitutive laws ͓Eq. ͑17͔͒, the dielectric properties of concrete depend not only on the water content but also, indirectly, on temperature. Regarding a direct effect of temperature on the dielectric properties, no information is available and probably this effect is negligible.
Application of Microplane Constitutive Model M4
To determine whether a given microwave source will achieve spalling and predict the depth of spalling, a good constitutive model relating the stress and strain in concrete is needed. Li et al. ͑1993͒ considered a restrained one-dimensional elastic bar and estimated its stress simply as ϭϪE␣⌬T. This estimate, however, ignores the nonlinearity of deformation on approach to spalling and the confining effect of the body surrounding a hot spot heated by microwaves. A three-dimensional constitutive model needs to be used.
For this purpose, version M4 of the microplane model ͑briefly described in Appendix III of Part II͒ has been adopted ͑Bažant The microplane model differs from the classical tensorial models based on plasticity by the fact that the constitutive law is expressed in terms of vectors rather than tensors. The vectors are the stress and strain vectors on planes of all possible orientations within the material. Thanks to all possible microplane orientations, the model automatically satisfies tensorial invariance conditions. The strain vectors on the microplanes are assumed to be the projections of the continuum strain tensor, and the stress tensor is related to the microplane stress vectors through a variational principle. For a detailed description of the microplane model and the history of development, with a literature review, see Bažant et al. ͑2000b͒ , and for various related aspects also Brocca and Bažant ͑2000͒.
Thermal Degradation of Concrete
Besides the triaxial and strain softening behavior, concrete also undergoes thermal degradation and transient creep. Both the compressive strength f c and the Young's modulus E degrade as the temperature increases. The degradation is typically determined from tests of the residual mechanical properties of concrete exposed for some time ͓typically 12 h, ͑Felicetti and Gambarova 1998͔͒ to various controlled temperature histories. The surface temperature, as calculated in Part II of this study ͑Zi and Bažant 2003͒, reaches less than 400°C during the 10 s of heating envisaged for decontamination. If this temperature were sustained for many hours, the compressive strength of concrete would degrade to about 85% of the original value ͑Bažant and Chern 1987͒. But what if this temperature lasts for only 10 s?
The degradation is caused by dehydration of the calcium silicate hydrates in cement paste. Since the chemical reactions of dehydration at high temperature cannot happen instantly and probably take much longer than the desired 10 s duration of the decontamination process, the degradation will be neglected.
The temperature increase near 400°C will intensify creep as well as the apparent effect of strain rate on the elastic modulus of concrete. This could be taken into account by introducing on the microplanes a creep law based on the Maxwell or Kelvin chain ͑Zi and Bažant 2001͒. According to finite element simulations, the maximum strain rate in the heated concrete prior to spalling, which occurs near the surface, is about ϭ1ϫ10 Ϫ4 s Ϫ1 . Compared to the typical loading rate in quasi-static laboratory tests, which is about 5ϫ10 Ϫ6 s Ϫ1 , the rate effect would increase the apparent Young's modulus to approximately 120% ͑Bažant et al. 2000a͒ of the normal value, but only near the place of maximum strain rate. Elsewhere the rate effect will be significantly less. The rate effect will be neglected in the present finite element computations.
It might seem that the rate effect might get offset somewhat by the effect of thermal degradation. However, thermal degradation is a far slower process ͑Ulm et al. 1999͒, which is surely negligible within the duration of 10 s.
Hygrothermal Strain
The thermal expansion coefficient ␣ T of cement mortar changes significantly with temperature, which is caused by moisture effects. But for concrete, the change of ␣ T with temperature is much less pronounced. This is explained by the restraining effect of aggregates in concrete, which are usually very stable chemically ͑Harmathy 1970; Bažant and Kaplan 1996; Neville 1997͒ . Therefore the thermal expansion coefficient ␣ T will simply be taken as constant (Ϸ␣ T ϭ10.0ϫ10 Ϫ6 K Ϫ1 ) in the temperature range of the decontamination process. Thus the strain rate T due to thermal dilatation is expressed as Regarding shrinkage, two kinds must be distinguished: ͑1͒ the average shrinkage of the cross section of a concrete member, which is not a constitutive property but a property of the whole cross section, with an inevitably complex mathematical description ͑Hansen and Almudaiheem 1987; ACI 1994; Bažant and Baweja 1995; Bažant and Baweja 2000͒;  and ͑2͒ the shrinkage at a point of the continuum approximating concrete, which is a constitutive property. Unfortunately, the latter is next to impossible to measure directly ͑direct measurements have been made only on cement paste shells 0.75 mm in thickness, which is the maximum thickness needed to ensure that the humidity profile across the wall would remain almost uniform during a programmed linear decrease of environmental relative humidity at the rate 3%/h; Bažant and Najjar 1972͒.
Therefore the constitutive shrinkage of the material had to be inferred indirectly-by fitting the finite element solutions of test specimens to the measured deformations and adjusting the shrinkage model until a good fit is obtained ͑Bažant and Chern 1987; Bažant and Xi 1994; Bažant et al. 1997͒ . The conclusion from these studies is very simple:
where s ϭshrinkage coefficient ͑taken as ϭ0.5ϫ10
Ϫ3 , according to model B3; Bažant and Baweja 2000͒.
Conclusions
1. The paper presents a mathematical formulation for analyzing a proposed technique of decontamination of concrete walls from radionuclides residing in a thin surface layer, which is to be spalled off by rapid microwave heating. The formulation consists of ͑1͒ a model for heat generation in the bulk of concrete by microwave power dissipation; ͑2͒ a model for heat and moisture transfer with buildup of pore pressure; ͑3͒ a constitutive model for nonlinear triaxial behavior and fracturing of concrete; and ͑4͒ numerical solution. 2. The heat and moisture transfer is based on the model of Bažant and Thonguthai ͑1978͒, which is improved by introducing a more realistic rapid increase of the magnitude of the moisture permeability upon exceeding 100°C. An ohmic heat source term representing the rate of heat generation by microwaves is included in the formulation. 3. A simple analytical expression for the heat generation rate is developed. The heat generation rate caused by normally incident transmission electron microscopy waves is averaged over both the frequency and the wavelength. The microwave power reflection by steel reinforcing bars is taken into account in the resulting formula. The special case for no reinforcement agrees with the Lambert's law used in food engineering. The heat generation rates are determined separately for two kinds of strips normal to wall surface: one representing an unreinforced concrete and the other a concrete containing reinforcement bars at which the microwave is 100% reflected. 4. The recently developed version M4 of microplane model for concrete is adopted for the analysis of stresses and fracturing. Shrinkage and swelling due to changes in water content are taken into account, but creep is neglected because the duration of the spalling process is very short ͑only about 10 s͒.
Appendix: Heat and Moisture Transfer in Concrete Governing Equations
The mass conservation equation and heat conservation equation are
Here "ϭgradient operator; Tϭtemperature; ϭmass density of concrete; Cϭspecific heat of concrete; wϭspecific water content; C w ϭspecific heat of water; Jϭwater flux vector; qϭconductive heat flux vector; I (h) ϭdistributed source of heat; and I (w) ϭdistributed source of water, due to release of chemically bound water ͑Bažant and Thonguthai 1978; Bažant and Kaplan 1996͒; subscripts ͑w͒ and ͑h͒ are labels for water and heat. The heat capacity of oven dried concrete can be used for C since the latent heat due to heating induced chemical decomposition of hydrates in cement paste is relatively small, and negligible for concrete ͑Harmathy and Allen 1973͒, due to its large volume fraction of aggregates. Although the apparent heat capacity of concrete depends on the water content, the mass fraction of water is usually so small ͑less than 6% of total mass of concrete, even at saturation͒ that this dependence may be neglected, for simplicity ͑Bažant and Thonguthai 1978͒.
The water flux J and the heat flux q may be expressed in terms of the gradient of water content w and the gradient of temperature T, respectively
and qϭϪk"T
where aϭpermeability; gϭgravity acceleration; Pϭpore pressure; and kϭheat conductivity. Heat is also transferred by the movement of water inside of concrete, which is described by the convection term q cv ϭC w TJ. In concrete, however, this term is negligible, because the diffusivity to pore water is about 3 orders of magnitude smaller than the heat diffusivity.
Equation of State of Pore Water
Except for temperatures above the critical point of water ͑374.15°C͒, one must distinguish the vapor from the liquid water in the pores of concrete. These two phases of water can be assumed to be locally always in thermodynamic equilibrium. Bažant and Thonguthai's ͑1978, 1979͒ model based on this hypothesis was shown to give acceptable match of the test data. Because of the complexity of the pore system, and especially the role of water adsorbed in the nanopores of hydrated cement paste, the formulation of the sorption isotherms of concrete, i.e., the curves of specific water content w versus relative humidity of water vapor in the pores, hϭ P/ P s (T) ͓where P s (T)ϭsaturation pore pressure at temperature T͔, must be semiempirical. The isotherms are described as
where Tϭtemperature in°C; T 0 ϭ25°C; cϭmass of anhydrous cement per unit volume of concrete; w 1 ϭsaturation water content at reference temperature
Kϭbulk modulus of concrete; nϭporosity accessible to water; ϭ(T, P)ϭspecific volume of water; and ␣ T ϭcoefficient of linear thermal dilatation of concrete. The porosity ͑pore volume accessible to water͒, which was estimated from considerations of weight loss, is expressed as
.04, where n 0 ϭreference porosity at 25°C; w d (T)ϭweight loss ͓obtained from thermogravimetic measurements ͑Harmathy and Allen 1973͔͒; 0 ϭspecific weight of water; and (h)ϭ1ϩ0.12(hϪ1.04).
Permeability and Conductivity
The permeability of concrete is a complex property. Because the capillaries in good quality concretes are not continuous, water molecules must pass through the nanopores in the hardened cement paste. Because the width of such pores ͑from 0.5 nm up͒ is much smaller than the mean free path of vapor molecules ͑about 80 nm at 25°C͒, water molecules cannot pass through the nanopores in a vapor state but must become adsorbed on the pore walls and migrate along adsorption layers. So the nanopores control the permeability, which explains the extremely low values of the permeability of concrete at normal temperatures. But this is not the case at high temperatures. When the temperature is increased above 100°C, the permeability jumps sharply up ͑Bažant and Thonguthai 1978͒. This can be explained by heat-induced changes in the structure of the smallest pores, particularly elimination of the narrowest necks, of nanometer dimensions, on the passages through cement paste. Based on data fitting, the permeability was inferred to jump up about 200ϫ, but the present optimum fits of test data shown later indicates that the permeability jumps up, around 100°C, only about 6.5ϫ ͑Fig. 3͒. The initial trend of function f 3 (T), which represents the permeability increase upon exceeding 100°C, is the same as proposed in Bažant and Thonguthai's ͑1978͒ work, but the magnitude of the jump needs to be scaled down, as represented by the following function:
where a 0 ϭreference permeability at 25°C. Function f 1 (h) characterizes the permeability corresponding to moisture transfer along the adsorbed water layers. The temperature dependence of permeability below 100°C is given by an Arrhenius-type equation f 2 (h);
where ␣ϭ1/͓1ϩ0.253(100Ϫmin(T,100°C))͔; h c ϭ0.75, T ϭabsolute temperature; Qϭactivation energy for water migration; and Rϭgas constant. Based on data fitting, the value Q/R ϭ2, 700 K was recommended ͑Bažant and Najjar 1972͒. Function f 3 (T), which describes the abrupt increase of permeability near 100°C, is revised as
which is found by fitting the data used in Bažant and Thonguthai ͑1978͒, England and Ross ͑1970͒, and Zhukov and Schenchenko ͑1974͒ ͑Fig. 4͒.
The thermal conductivity of cement, too, depends on the changes of temperature and moisture content significantly. However, the thermal conductivity k is for concrete is much less sensitive to the changes of temperature and moisture than it is for the hardenened cement paste and concrete. The reason for this difference is that the mineral aggregates, which represent most of the volume of concrete and are usually chemically stable materials ͑Harmathy 1970͒, conduct heat no less than the cement paste but do not transfer moisture significantly. In general, the thermal conductivity depends on the volume fraction of aggregate and its type ͑Bažant and Kaplan 1996; Neville 1997͒.
Distributed Sources of Water and Heat
When concrete is heated, the chemically bound water becomes free and gets released into the pores. This is reflected in the source term I (w) of the mass conservation condition in Eq. ͑15͒. The distributed heat source term in Eq. ͑15b͒ is absent when concrete is heated by conduction from the surface. But when concrete is heated by microwaves, the heat source, Eqs. ͑13͒ and ͑14͒, generated by ohmic heat dissipation within the concrete volume, is significant.
Boundary Conditions
Heat and mass are transferred at the surface to the surrounding environment. Physically accurate modeling of the environment near the surface, which would call for nonlinear hydrodynamics, is not necessary. For heat transfer, it suffices to use Newton's law of cooling ͑e.g., Chapman 1987͒ and a similar law for moisture transfer. Thus the boundary conditions simply are
where B w ϭmoisture transfer coefficient and B T ϭheat transfer coefficient; nϭunit outward normal of the boundary surface; P am ϭambient partial pressure of water vapor; T am ϭambient temperature; P S ϭpartial vapor pressure at the surface ͑i.e., in the capillary pores adjacent to the surface͒; and T S ϭsurface temperature. A perfectly sealed ͑or insulated͒ surface is a limiting case for B w ϭ0 ͑or B T ϭ0), and perfect moisture transmission ͑or heat transmission͒ is a limiting case for B w →ϱ ͑or B T →ϱ). In the case of free convection of air near the surface, B T is in the range of 5-25 J/m 2 s°C ͑e.g., Chapman 1987͒ and B w Ϸϱ ͑Bažant and Thonguthai 1978͒.
The heat radiation from the surface, which is the only mechanism of heat loss in a vacuum, is described by Stefan's radiation law n"q r ϭ␥͑T S 4 ϪT am 4 ͒
where q r ϭradiation heat flux; ϭStefan coefficientϭ5.67 ϫ10 Ϫ8 J/m 2 s K 4 ; and ␥ϭheat emissivity, which varies in the range of 0-1. For a perfectly black surface, ␥ϭ1, while for brick, ␥ϭ0.9 ͑Jones 2000͒; because of lack of data, and also because the precise value is not very important, the same emissivity ␥ as for brick is assumed for concrete. In the absence of vacuum, both the surface heat transfer, Eq. ͑22͒, and the radiation, Eq. ͑23͒, take place simultaneously. They may be conveniently characterized as n"qϭB eq ͑ T S ϪT am ͒
where B eq ϭequivalent heat transfer coefficientϭB T ϩ␥(T S 2 ϩT am 2 )(T S ϩT am ).
Why Not Liquid-Gas Transport Model?
One might wonder why the recent model of Mainguy et al. ͑2001͒, or some other multiphase transport model, has not been adopted. In that model, all the mobile water is assumed to consist of liquid ͑capillary͒ water and water vapor contained in the gas ͑air͒, the pressure gradient of which is regarded as one driving force of transport. From this starting hypothesis, it is deduced that the water transport is controlled by the flow of liquid ͑capillary͒ water and involves evaporation and condensation at gas-liquid interfaces. The starting hypothesis, however, ignores the fact that the capillaries in normal hardened cement paste are not continuous ͑unless the water-cement ratio were abnormally high͒. While diffusing, the water molecules must pass through nanopores in calcium silicate hydrates only about 1-3 nm wide, which cannot contain liquid water and thus cannot allow its passage. Moreover, since the mean free path of water molecules in a vapor phase is about 80 nm, there is no chance of vapor molecule passage through the tortuous nanopores ͑they would bounce of pore walls far more often than of each other, and have about equal chance to be reflected forward or backward͒. Therefore, water molecules can move through such passages only along adsorption layers which fill these pores. Such water transport is controlled not by viscosity of liquid water, but by the lingering times of the adsorbed water molecules on the surface of calcium silicate hydrates ͑Bažant 1972, 1975͒. For these reasons, the theory of Mainguy et al. ͑2001͒ and numerous other multiphase transport theories are not applicable ͑the separation of transport of air in Mainguy et al.'s model might be relevant, although this has not been worked out͒.
